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Tingting Zhu1 , Yafei Jia2 , and Sam S.Y. Wang3 
 
 
ABSTRACT 
 
In this study, a two-dimensional depth-averaged chemical fate and transport model was 
developed and validated as an important assessment tool.  
The CCHE2D model is a depth-averaged two-dimensional hydrodynamic model, which has 
been demonstrated to be a robust and efficient tool to simulate flow in natural rivers, reservoirs and 
lakes. Its capability has been expanded to predict the fate and transport of toxicants recently. The 
physical and chemical processes in chemical spill are simulated in the model, including absorption, 
desorption, evaporation, hydrolysis, photolysis, biodegradation, and etc. The interaction between the 
water column and sediment bed is considered as well.  
The model’s capability to simulate the fate and transport of chemicals was validated by a case 
of accidental chemical spill in the Rhine River on Nov. 1, 1986 which caused massive fish kill. 
CCHE2D simulation has shown good agreement in comparison with previous researches (Wanner et 
al. 1989, Reichert and Wanner, 1987). The model’s capability is further demonstrated through a 
hypothetic case in a reservoir assuming the similar accident happened.  
 
 
1. INTRODUCTION 
 
Chemicals released by acute accidental spills or long-term leaking from the contaminated sediments 
have negative environmental and ecological impacts. The polluted water can directly do harm to 
human health. The contaminated sediments have long term impact on water quality and potentially 
on ecology systems through food chain. It’s essential to assess those impacts on water bodies and 
bed sediments so that comprehensive mitigation measures can be taken. As an important assessment 
tool, a fate and transport model for chemicals was developed and validated in this study.  
In general, there are four phases of chemicals existing in the system, dissolved in water 
column, dissolved in porous water, particulate on suspended sediment and particulate on bed 
sediment, respectively. The chemical can change from one phase to another as illustrated in Figure 
1. The transfer between dissolved phase and particulate phase in the same medium is through 
processes of sorption and desorption. The two dissolved phases can be exchanged through the 
diffusion between the porous water and the water column. The particulate phases sorbed on 
sediments also can be exchanged in the deposition and erosion processes of cohesive sediments. 
Chemicals in all phases can decay in several ways chemically or biochemically.  
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Figure 1 Schematic Fate of Toxic Chemicals 
 
It is necessary to define several concentrations of chemicals to facilitate the discussion related 
to chemicals. Chemical concentration can be defined based on phase (dissolved or particulate) or 
medium (water column or sediment bed). The total concentration in each medium is the summation 
of dissolved concentration and particulate concentration. Table 1 lists those concentrations regarding 
to phase and medium. 
 
Table 1 Chemical Concentrations 
 
                
Phase 
Medium 
Dissolved Particulate Total 
Water 
Column cd cp cT 
Sediment 
Bed sd sp sT 
 
 
1.1 Partition 
 
The partition between the dissolved and particulate chemicals is governed by the balance of sorption 
and desorption processes. There are two general ways to represent the partition: linear 
sorption/desorption and nonlinear Langmuir isotherm depending on the chemical properties. The 
dissolved and particulate chemical are assumed to be in a “local equilibrium” if the sorption-
desorption process for that specific chemical is “fast”. It’s also assumed that the sorption is 
reversible and if the sorption-desorption kinetic is linear, then a partition coefficient, PK  can be 
obtained as follows, 
Dissolved 
chemical 
in water 
Particulate 
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suspended 
sediments
Sorption 
Desorption 
Input 
Decay 
Input 
Decay
Dissolved 
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in porous 
water 
Diffusion 
Particulate 
chemical on bed 
sediments 
Decay Decay
Sorption 
Desorption 
Net Sedimentation 
Settling Resuspension
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in which:  
r sediment based particulate chemical concentration in water 
Ks  sorption rate 
Kd  desorption rate 
More general sorption-desorption kinetics are nonlinear such as Langmuir isotherm, which 
gives 
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where  
 rmax  maximum toxicant concentration on solid basis 
 m suspended sediment concentration,  
 
The linear equilibrium sorption-desorption kinetic holds true for a lot of chemicals. This 
results in a constant partition coefficient and fractions for dissolved and particulate to the total if the 
sediment concentration is not changed. Those fractions are: 
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in which: 
 φ  porosity of bed 
 dρ  bed dry density 
 wdf ,  fraction of dissolved chemical in water column 
 wpf ,  fraction of particulate chemical in water column 
 sdf ,  fraction of dissolved chemical in bed 
 spf ,  fraction of particulate chemical in bed 
 
The partition coefficients of chemicals between water and solid phases can be measured in the 
lab accurately.  
 
1.2 Diffusion 
 
Chemicals in porous water and overlying water column can exchange through diffusion due to 
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concentration gradient, which is represented by well understood Fick’s Law. The porous water 
diffusion coefficient is based on the molecular diffusion coefficient, but varies with chemicals and 
environmental conditions such as bed porosity. 
 
1.3 Decay Processes 
 
Besides the interchanges among phases, the chemicals decay mainly in five ways: 
z volatilization, at the interface of water and air for dissolved form; 
z photolysis, with the presence of light for dissolved form; 
z hydrolysis, for dissolved form; 
z biodegradation, and  
z changing in form due to chemical reactions, which is chemical specific. 
The formulation for volatilization process is based on “two-film” theory (Whitman, 1923). 
Photolysis, hydrolysis, and biodegradation are approximated as first-order reactions. Due to the lack 
understanding of the chemical mechanisms and the complexity of the natural water bodies, those 
first-order decay rate “constants” normally were measured on site. Chemicals may react with other 
chemicals in the water or change form under environmental conditions, which can only be studied 
case by case. 
 
Volatilization 
 
The exchange between the dissolved chemical in the water column and air to reach the 
equilibrium state is called volatilization. According to Henry’s Law, the ratio between the chemical 
dissolved concentration in the water column and chemical atmospheric partial pressure tends to 
reach the equilibrium value, Henry’s constant. The volatilization rate is represented as follows: 
 
 )( Td
e
gv
V cfH
c
D
KS −=  (7) 
 
in which: 
 SV  mass exchange rate across the air-water interface [M L-3 T-1]  
 D  water depth [L];  
 vK  overall volatilization transfer coefficient [L T
-1];  
 cg  atmospheric chemical concentration [M L-3];  
 He  Henry’s constant, dimensionless;  
 
 
Photolysis 
 
Some organic chemicals can degrade or decompose under the influence of light, which is 
called photolysis. The decay rate due to photolysis depends on the chemical property, incoming 
solar radiation wavelength, strength and attenuation. It can be approximated using first-order decay 
mechanism: 
 
 dspdpdPhPh cKKcKS )( +−=−=  (8) 
 
in which: 
PhS  chemical photolysis rate [M L
-3 T-1];  
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PhK  overall photolysis rate coefficient [T
-1];  
Kdp  direct photolysis rate coefficient [T-1];  
Ksp  sensitized indirect photolysis rate coefficient [T-1]  
 
Hydrolysis 
 
Chemicals may react with water and be transformed into other compounds. The hydrolysis of 
some chemicals can be catalyzed by acid or base. Under natural conditions, hydrolysis could be 
catalyzed by enzymes. The hydrolysis rate can be given as: 
 
 dbandHH cOHKHKKcKS )][][(
−+ ++−=−=  (9) 
 
in which: 
SH chemical hydrolysis rate [M L-3 T-1];  
Kn  neutral hydrolysis rate coefficient [T-1];  
Ka  acid catalyzed hydrolysis rate constant [mole-1 T-1];  
Kb  base catalyzed hydrolysis rate constant [mole-1 T-1];  
[H+]  molar concentration of hydrogen ions;   
[OH+]  molar concentration of hydroxide ions  
 
The values of hydrolysis rate constants measured at the laboratory for many chemicals can be 
found in handbooks (Howard et al., 1991, Mackay et al., 1997). Because the natural condition is 
more complex than the lab setup, the hydrolysis constant in the field may be different from those 
measured in the lab. 
 
Biodegradation 
 
Chemicals may decay through the activities of bacteria or fungi. In many cases, the first-order 
decay is accepted as a good approximation to the biodegradation process: 
 
 dBB cKS −=  (10) 
 
in which: 
SB  chemical biodegradation rate [M L-3 T-1];  
KB  overall degradation rate constant [T-1]  
 
 
2. GOVERNING EQUATIONS 
 
Chemical concentrations in the water column and sediment bed are interacting with each other. The 
simulation of fate and transport of chemicals includes processes in both media. Multiple layers for 
sediment bed are necessary to adequately represent the chemical vertical profile and their transport 
processes. The vertical layers for one two-dimensional node are presented in Figure 2. The 
governing equation comprises of terms accounting for convection, lateral dispersion, external load 
loadS , flux from deposited or eroded sediment sedS , vertical diffusion flux diffvS −  between interfaces 
and all kinds of decay mechanisms decayS . 
Equations for the water column, surface sediment layer and underlying layers are different 
based on specific conditions and assumptions. 
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Figure 2 Vertical Structure of a Model Node 
 
 
2.1 Governing Equations of Chemical Fate and Transport in the Water Column 
 
The general governing equation of chemical fate and transport for the water column is written as: 
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The vertical diffusion flux at the water-sediment interface is determined by Fick’s Law 
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in which: 
 fk  overall mass diffusion coefficient, in m/s 
Water Column 
 
Surficial Sediment Layer 
 
Sediment Layer 
 
Sediment Layer i-1 
 
Sediment Layer i 
 
Sediment Layer i+1 
 
Bottom Sediment 
flux between surface sediment 
and water column 
flux between sediment layers 
 
Sediment Layer 
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 1,sdf  dissolved chemical fraction in surface sediment layer, dimensionless 
 1,sTs   total chemical concentration in surface sediment layer, M/Lw+s 
 
The chemical source/sink term associated with the net settling or net eroded sediment flux is 
formulated as Wu (2006) based on mass balance. Wu’s formula takes into account both dissolved 
and particulate phases. In case of net erosion, not only chemical sorbed on sediment bed was 
released into the water column, but also that in the porous water. Similarly, in case of net deposition, 
chemicals sorbed on suspended sediments settle on the bed surface layer and the dissolved chemical 
fills the porous volume as well. 
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2.2 Equations in Surface Sediment Layer 
 
It is assumed that the convection and dispersion in sediment layer are negligible. The governing 
equation for the surface sediment layer in conservative form is: 
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in which: 
Dsed1  depth of surface sediment layer 
 
2.3 Equations in Underlying Sediment Layers 
 
In sediment layer i, which has adjacent layers Layer (i-1), and Layer (i+1), the governing equation 
is: 
 
 decayidiffvload
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t
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 (18) 
 )()( 1,1,,,,,,1,1,,, −−++− −+−= iTsidiTsidsfiTsidiTsidsfidiffv sfsfksfsfkS  (19) 
 
in which: 
Dsedi  depth of surface sediment layer i 
The bottom layer boundary condition is assumed as constant. 
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2.4 CCHE2D Model 
 
The transport equations of chemical model are solved with the integration with CCHE2D flow 
model.  
CCHE2D, the depth-integrated two-dimensional model has been developed for simulating free 
surface flows, sediment/pollutant transport and channel morphological changes. The model has been 
verified and validated vigorously using physical model data, which shows that it is capable of 
reproducing realistic physical mechanism. There have been many applications to natural channels 
with complex flow conditions, topography and hydraulic structures. The results indicate that the 
model is robust (Jia and Alonso 1994, Jia and Wang 1999, Jia et al, 2001, Jia et al., 2002).  
CCHE2D hydrodynamic model directly outputs the simulation result of flow field, which are 
input into the transport model. The transport equations are solved using the same transport solver in 
CCHE2D. The source terms in the chemical model are calculated implicitely. 
 
 
3. MODEL VALIDATION 
 
The model’s capability to simulate the fate and transport of chemicals was validated by a case of 
accidental chemical spill in the Rhine River on Nov. 1, 1986 which caused massive fish kill. It was 
further demonstrated through a hypothetic case in a reservoir assuming the similar accident 
happened.  
 
3.1 Chemical Spill in Rhine River 
 
In Nov. 1986, a chemical warehouse located in upstream of the Rhine River, Switzerland caught 
fire. A large amount of pesticides were spilled.  Toxic chemicals were mainly organic phosphates 
and organic mercurial compounds, which caused massive fish kill extending over 250 km along the 
river. Four countries which the Rhine River flows through were affected by the pesticides spilled. 
Many research works have been done to assess the short term and long term impacts of the spill to 
the water quality and ecosystem (e.g. Wanner et al. 1989, Reichert and Wanner, 1987, Mossman et 
al., 1988). One of the organic phosphate insecticides, thiometon was modeled in this validation 
study. The fate and transport of thiometon was simulated for 12 days and compared with the 
measured data.  
 
Fate and Transport Model Spill Simulation  
 
To simplify the simulation, for a short period of 12 days, the flow field was assumed to be 
uniform. The suspended sediment concentration and settling velocity was assumed to be constant 
during the simulation period. It was estimated that about 1380 kg thiometon was drained to water 
over a period of 12 hr (Mossman et al., 1988). 
Bed conditions such as active sediment depth, porosity, bed dry density and etc. were 
measured. Environmental conditions such as pH, bacterial population were measured. Diffusion 
coefficient at the sediment and the water column interface was measured. Decay mechanisms for 
thiometon were studied by several researchers (Reichert and Wanner, 1987, Capel et al., 1988, 
Mossman et al., 1988). From previous research work, it’s found that volatilization of thiometon was 
negligible. Rate for photolysis, biodegradation and hydrolysis were measured. The hydrolysis of 
thiometon was basic catalyzed. All those parameters were listed in Table 2. 
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Table 2 Summary of parameters used in simulation 
 
Parameter Value 
Velocity 0.95 – 1.7m/s;  
Suspended solids 10 mg/l 
Settling velocity 2 m/day 
Active sediment depth 3 cm 
Sediment porosity 0.4 
Sediment solids concentration 1.72 kg/l 
pH 7.5 
Water column bacterial population 108 cfu/l 
Sediment bacterial population 2.08E+9 cfu/l 
Sediment diffusion coefficient 10E-8 m2/s 
Photolysis rate  3.5E-6 /sec 
Biodegradation rate in water 8.3E-7 
Biodegradation rate in bed 1.7E-5 
Neutral hydrolysis rate in water 1.7E-8 
Neutral hydrolysis rate in bed 1.7E-8 
Basic catalyzed hydrolysis rate in water 1.5E-11 
Basic catalyzed hydrolysis rate in bed 1.5E-13 
 
Thiometon concentration profiles were plotted at five locations and compared with 
measurement concentration in the water column. The simulation results have shown good agreement 
in comparison with measured data (shown in Figure 3). Figure 4 shows the thiometon concentration 
in bed sediment.  
 
Figure 3 Comparison of Simulated and Measured Concentration in Water Column 
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Figure 4 Simulated Concentration in Sediment Bed 
 
3.2 Hypothetic Case 
 
The validated fate and transport model of chemicals can be used to assess the environmental impact 
of chemical spills. It was demonstrated using a hypothetic case. Chemical spill into the reservoirs 
which usually serve as sources for the water supply can cause immediate danger to the drinking 
water quality. The model can predict the chemical concentration distribution in space and time after 
the spill. The location, area and affected period of polluted water resources can be identified through 
simulation results. 
 
 
 
 
Figure 5 Reservoir with Hypothetic Spill 
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It was assumed that the same accident occurred in a reservoir as in that in the Rhine River. The 
only difference was the hydraulic flow field, which was simulated using CCHE2D model by Jia 
(2005). The reservoir was discretized into 427×341 meshes with size of 50 m by 50 m. Figure 5.5 
shows the water depth of the reservoir. There’re three zones marked in Figure 5.5. Zone A is the 
inlet of the reservoir. Zone B is where the hypothetic chemical spill occurred. Zone C is a circulation 
zone. Figures 6, 7 and 8 show the flow fields at those interested zones. 
 
 
 
Figure 6 Flow Field at Inlet (Zone A) 
 
 
 
 
Figure 7 Flow Field at Zone B 
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Figure 8 Flow Field at Zone C 
 
Figures 9, 10, 11 and 12 show the simulation results of chemical concentration distribution in 
the water column (in µg/l) and sediment bed ( in mg/l)  one day and seven days after the chemical 
spill respectively. It can be seen that the sediment bed was polluted when the polluted water and 
suspended sediment flew over. The pollutant was more persistent on the sediment because the 
conditions in the bed were less favorable for it to decay. 
 
0.10 0.26 0.69 1.81 4.75 12.46 32.70 85.84
Day 1
 
Figure 9 Chemical Concentration in Water 1 day after Spill 
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Figure 10 Chemical Concentration in Bed 1 day after Spill 
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Figure 11 Chemical Concentration in Water 7 days after Spill 
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Figure 12 Chemical Concentration in Bed 7 days after Spill 
 
Figure 13 shows the total mass of chemical in the water column reduced with time as the 
chemical was transferred into sediment bed and decayed. Bed acted as a reservoir for chemical. The 
total mass of chemical in the bed was accumulated as the clean bed getting polluted (as shown in 
Figure 14).  
 
 
 
 
Figure 13 Chemical Mass in Water 
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Figure 14 Chemical Mass in Bed 
 
The model can show the concentration varying with time at interested locations. Figure 15 
shows the chemical distribution in the water column and bed at the spill origin. 
 
 
 
 
Figure 15 Chemical Concentration at Spill Location 
 
Critical area is where the dissolved chemical concentration in the water column exceeds the 
critical value (it was assumed as 5 µg/l in this case.). It’s essential to know how big is the polluted 
area, where is it and how long the critical condition will last. Those can be answered based on the 
model simulation results. Figure 16 shows the area of the critical zone within one week after the 
spill. 
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Figure 16 Critical Area after Spill 
 
 
4. CONCLUSIONS 
 
Numerical simulations can produce short term and long term estimations on the environmental 
impacts in a short time. It also can help to determine the location and frequency of water quality 
sampling after the spill so that measurements could be planned in a more efficient and economic 
way.  
The model for the fate and transport of chemicals was developed, validated and demonstrated 
to simulate the chemical spill. Processes of sorption/ desorption, decay, sedimentation, vertical 
diffusion were included in the model.  
With the model results, environmental impact can be easily assessed with distribution in both 
space and time. 
Suspended sediment concentration and bed sediment dry density were assumed constant and 
uniform in this study. If integrating with cohesive and non-cohesive sediment transport model, it is 
able to study the real world problems with more realistic estimation about the sediments. 
Organic chemicals and heavy metals such as oils, PCBs, DDT, PAHs and many others are 
highly concerned pollutants in the environment. Those chemicals can exist in different forms and 
multiple phases in natural rivers, which is very chemical specific. The fate and transport model of 
chemicals shall be tailored to the chemicals interested before being applied to a real case.  
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